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We show that dimerization of an optomechanical crystal lattice, which leads to folding of the band
diagram, can couple flexural mechanical modes to optical fields within the unit cell via radiation
pressure. When compared to currently realized crystals, a substantial improvement in the coupling
between photons and phonons is found. For experimental verification, we implement a dimerized
lattice in a silicon optomechanical nanobeam cavity and measure a vacuum coupling rate of g0/2pi =
1.7 MHz between an optical resonance at λc = 1545 nm and a mechanical resonance at 1.14 GHz.
Optomechanical crystals (OMCs) [1] are periodically
structured materials in which optical and acoustic waves
are strongly coupled via radiation pressure. For typi-
cal solid-state materials, owing to the orders of magni-
tude difference between the speed of light and sound,
near-infrared photons of frequency ω/2pi ∼ 200 THz are
matched in wavelength to acoustic waves in the GHz fre-
quency band. Thin-film silicon (Si) OMCs have been
used to trap and localize these disparate waves, allow-
ing for a number of proposed experiments in cavity-
optomechanics to be realized [2–4].
An exciting possibility is the creation of an apprecia-
ble nonlinearity at the single photon level using patterned
dielectric films [5]. However, observing nonlinear photon-
phonon interactions requires a vacuum coupling rate g0
larger than the intrinsic optical decay rate κ [6]. In ad-
dition, the mechanical frequencies must be larger than
optical decay rates with ωm > κ/2, i.e. be ’sideband-
resolved’. Currently, sideband-resolved optomechanical
systems are two orders of magnitude away from an ap-
preciable nonlinear interaction [5], g0/κ ≈ 0.01. Here, we
theoretically show single photon-phonon strong coupling
g0/κ ≈ 1 is possible in optomechanical crystals cavities.
The OMC design which demonstrates the strongest
coupling in silicon [2] has been implemented in materi-
als with a lower index of refraction, such as silicon nitride
(Si3N4) [7], aluminum nitride (AlN) [8], and Diamond [9].
In those works the coupling does not exceed 200 kHz,
while Chan, et al. [10] show a coupling g0 = 1.1 MHz.
This difference arises from the nature of the optomechan-
ical interaction. Chan, et al. find their optomechani-
cal interaction is primarily due to the photoelastic effect,
whose matrix element scales as the fourth power of the
index of refraction [10]. This leads to significantly smaller
coupling in materials with a lower index. Here we show
that the coupling can be significantly improved in a lower
index material using the moving boundary interaction,
whose matrix element scales as the square of the index.
The optical frequency shift per unit displacement for
a moving boundary in a dielectric optical cavity was de-
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rived by Johnson, et. al [11]. Combining this with the
mechanical zero-point fluctuations, xzpf =
√
~/2meffωm,
gives the vacuum coupling rate g0,MB , where meff is the
effective mass of the mechanical mode with frequency ωm.
This rate can be written in the form [1],
g0,MB =−
√
~
8
∗ ωc√
ωm
∗
´
∂V
(q(r) · nˆ)(∆¯|E|||2 −∆(−1)|D⊥|2)d2r√´
V
ρ|q(r)|2d3r(r)|) ´
V
¯(r)|E(r)|2d3r
(1)
where nˆ is the outward vector normal to the surface
of the dielectric boundary, ¯ is the dielectric tensor, E
(D) is the electric (displacement) field, ∂V is the surface
of the dielectric structure with volume V , and q(r) is
the unit-normalized mechanical displacement field [12].
A similar equation can be expressed for the photoelas-
tic contribution to the optomechanical coupling. Given
this equation with fixed material properties, the possible
strategies for increasing coupling are: increasing mode
overlap, decreasing mode volumes, increasing optical cav-
ity frequency, or decreasing mechanical frequency. In
this work, we focus on decreasing mechanical frequencies
(which boosts xzpf) while leaving the other quantities of
the equation fixed.
Since the optical intensity profile of the unit cell com-
prising photonic crystal cavities is typically mirror sym-
metric about the midpoint, previous OMC designs fo-
cused on using fully symmetric extensional-type mechani-
cal modes within the unit cell [1, 10]. However, the lowest
frequency eigenmodes usually involve mechanical torsion
or flexure. Thus, we outline a method for using flexural
modes within the unit cell.
Engineering coupling between flexural mechanical
modes and optical modes in resonant OMC cavities is
problematic. Flexural modes are usually not symmet-
ric at the Γ-point of the band diagram. Thus, they do
not couple into symmetric optical modes at the X-point.
In this work, we design a fully symmetric flexural mode
at the Γ-point via dimerization of the lattice. Thus, we
can preserve the mode volumes of the unit cell while de-
creasing mechanical mode frequencies. In addition, the
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2major contribution to the coupling is from the moving
boundary of the dielectric due to mechanical flexure.
Lattice dimerization was first discussed by Peierls [13]
who predicted an energy gap in the electronic band struc-
ture of atomic systems. By doubling the size of the unit
cell and breaking the degeneracy (via different hole sizes),
we engineer a dimer unit cell with k-vector the sum of the
two constituent k-vectors. If we choose a constituent k-
vector of alternating±pi/a where a is the lattice constant,
we can create a null k-vector for the dimer. In essence,
we imbue the OMC lattice with a two-’atom’ basis of
flexing beams. We illustrate how this corresponds to a
symmetrized displacement vector in the 1-D lattice.
We begin the discussion by dimerizing the first OMC
design [1], which is based on a simple ”ladder” structure.
Throughout this Letter, the x-axis is in the direction of
the lattice and the z-axis is out of page. In Fig. 1, we
show a simulation of the band structure for the ”ladder”
OMC in silicon, before (dashed lines) and after (solid
lines) dimerization. It was found that the largest cou-
pling occured between the X-point optical ”dielectric”
mode (Fig. 1(a) right hand side, green-dashed) and the
Γ-point ”breathing” mode of the mechanics (Fig. 1(b)
left hand side, red-dashed). These modes exhibit strong
overlap; this gives a large photoelastic contribution to
the coupling in high index materials. Since the electric
field is not designed to be maximum at the boundaries,
this type of design does not emphasize optomechanical
coupling due to a moving boundary.
The flexural mechanical modes of the simple ”lad-
der” OMC are the first X-point mode (Fig. 1(b), right
hand side, green-dashed) and the second Γ-point mode
(Fig. 1(b), left hand side, blue-dashed). These modes do
not couple to any of the X-point optical modes according
to Eqn. (1) due to antisymmetry of the displacement and
strain fields in the x-axis.
However, dimerization can give a symmetric flexural
mode (Fig. 1(b) left hand side, green solid line). Also,
the lowest ”dielectric” mode will now be split into optical
modes whose electric field intensity is strongest at differ-
ent pairs of interior dielectric boundaries. This creates
a strong overlap between the electric field intensity and
the displacement field. Essentially, dimerization leads to
folding of both band structures, sending X-point modes
to the Γ-point of the new lattice, and doubling the num-
ber of bands. This is shown in Fig. 1, where the band
structure is folded at kx = pi/2a. The overlap between
the new optical modes at the new X-point (Fig. 1(a),
green solid line) and folded bottom mechanical mode
(Fig. 1(b), left hand side, green solid line) now gives a
finite coupling.
Next we study the differences in optomechanical cou-
pling between the ”breathing” OMC and the dimerized
”flexural” OMC as we scale the unit cell along x and
y. This analysis emphasizes the benefits of a dimerized
design when using lower index materials. Here, we ana-
lyze a recently reported OMC [8] unit cell with the ma-
terial properties of AlN. In Fig. 2(a,b,c) we show simu-
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FIG. 1. For both optical and mechanical band
structures the dotted lines are bands for the unit
cell before dimerization, the solid lines after dimeriza-
tion. The unit cell has dimensions {a,wy, hx, hy, t} =
{250nm, 1500nm, 125nm, 1300nm, 220nm}, where a is the
lattice constant, wy is the extent of the body in the y-
dimension, and hx, hy are the hole dimensions in the x
and y directions, respectively. In the dimerized unit cell
{hx1, hx2} = {100nm, 150nm}. a) Simulated optical band
structure of a ”ladder” OMC in silicon. Here we show only
the modes with electric field (vector) symmetry in the y and
z axes. Color in the unit cell plots indicates the value of the
electric field in y (Ey(r)). Simulations are performed with the
MIT Photonic Bands (MPB) package. b) Mechanical band
structure of the same OMC as (a). We show the acoustic
modes with vector displacement symmetry in the y and z
axes. Color in the unit cell plots indicates total displacement
(|Q(r)|). Simulations are performed in COMSOL.
lations of the optomechanical coupling via the photoe-
lastic effect between the 1st optical dielectric mode and
the ”breathing” mechanical mode, similar to previous de-
signs [2, 7, 8]. In Fig. 2(d,e,f) we show simulations for
the dimerized lattice, where the unit cell degeneracy has
been strongly broken to generate a large optical band gap
useful for making high quality cavities. The simulation
parameters are initially set so that the optical wavelength
of the Γ-point eigenmode of the OMC unit cell is 1550nm.
The bare optomechanical couplings are scaled by the op-
tical frequency found in simulation, which removes the
contribution due to ωc from Eqn. 1. Thus, the figure
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FIG. 2. Simulated scaling of aluminum nitride unit cell cou-
pling. The coupling is scaled by the optical mode frequency
in order to highlight the effect of both the optical/elastic field
overlap and enhanced xzpf of the new design. In the simula-
tion, since the z-axis thickness is chosen by wavelength, and
the x-axis parameters strongly determine the wavelength, the
parameters related to x and z are swept simultaneously. The
y-parameters are stepped separately.The initial AlN thickness
is set to 330nm. a,d) Unit cell, optical field intensity (left a,d)
of the first dielectric band and mechanical y-axis strain (right
a) of the ”breathing” mode, and displacement (right d) of the
”flexural” mode, respectively. b,e) Optomechanical coupling
for the unit cell as different sets of dimensions are scaled. c,f)
Contributions along different diagonals of (b,e) to g0. Simu-
lations are performed in COMSOL.
highlights the contributions from field overlap and xzpf.
Fig. 2(a) shows the structure of the ”breathing” unit
cell along with the optical mode’s electric field energy and
mechanical mode’s y-strain. Fig. 2(b) shows the photoe-
lastic coupling as the x and z parameters are changed
in one axis of the surface plot, with the y parameters
changed along the other axis of the surface plot. Note
that the moving boundary coupling in the ”breathing”
mode can either add or subtract from the overall coupling
in this type of unit cell, and is thus not included. This
does not detract from the point of the analysis, which is
primarily concerned with the effects of xzpf. The value
found for the photoelastic coupling within the unit cell is
consistent with previous work [8]. In Fig. 2(c), we show
the individual contributions from g0/ωopt and xzpf along
two different diagonals of the surface plot.
Fig. 2(d) shows the ”flexural” OMC structure with
electric field energy and total displacement. The overall
coupling (photoelastic and moving boundary contribu-
tions) is plotted in Fig. 2(e), where the photoelastic part
only adds to, but is less than 1% of, the coupling due
to the moving boundary. The contributions to this cou-
pling are shown in Fig. 2(f) moving along two different
diagonals.
Comparing Fig. 2(b,e) shows several key differences.
First, the dimerized OMC has larger coupling through-
out the parameter space. Second, the scaling of the cou-
pling is different. Moving along the solid line shows the
simulated coupling when x, y, and z are all scaled down.
In the ”breathing” mode, there is an increase in both
g0/ωopt and xzpf as a function of 1/
3
√
V , as expected.
This is also true in the plot for the ”flexural” OMC, but
there is a larger increase moving along the other diagonal,
i.e. along the dashed line. Along that line, the y param-
eters are scaled up, while the x and z axis parameters
are scaled down. The differences between the coupling
in the two types of OMCs is due to the difference in the
scaling of xzpf. Decreasing the x axis parameters by a
constant ζ and increasing the y axis parameters by the
same constant leaves the mass fixed. However, the ”flex-
ural” mode will decrease in frequency by a factor ∝ ζ3,
while the ”breathing” mode will decrease by a factor ∝ ζ.
This leads to larger xzpf for the ”flexural” modes.
The simulation for the ”flexural” mode can be com-
pared against the ”breathing” mode for optical wave-
lengths near 1550nm (x0, y0 = 1). The ”breath-
ing” mode simulation yields ωm,br/2pi = 4.45GHz,
g0,PE/2pi = 135kHz while the flexural mode gives
ωm,fl/2pi = 1.39GHz, g0/2pi = 928kHz. This is nearly
a 7× improvement in the coupling. This difference be-
comes even greater if the lattice is scaled.
TABLE I. Four simulated cavities using the dimerized lattice
from Fig. 2(d). Simulations are performed in COMSOL.
Material Si Si GaAs SiC
Index 3.48 3.48 3.42 2.59
Lattice constant, a (nm) 480 380 275 190
Small hole, w (nm) 70 60 40 15
λc (nm) 1570 1280 950 545
ωm/2pi (GHz) 1.07 0.65 0.73 0.65
xzpf (fm) 7.1 10 11 16
g0/2pi (MHz) 1.7 4.0 8.8 26
g0/κ 0.081 0.17 0.27 0.47
Cavities using this type of OMC can achieve single
photon-phonon strong coupling. We report four simula-
tions in Table I for an optomechanical cavity constructed
from a dimerized crystal similar to Fig. 2(d). In the
first two columns we use the material properties of sili-
con, with optical modes near 1550nm and 1300nm made
from the second optical band of Fig. 1. In the third and
fourth column, we use the material properties of gallium
arsenide (GaAs) and silicon carbide (SiC) with a design
4frequency near their respective absorption band edges.
In the first half of the table we show parameters for the
cavity design and fabrication, demonstrating the possi-
bility of such devices using current technologies. Next,
we give the designed optical wavelength λc, mechanical
frequency ωm and zero-point fluctuations xzpf. Finally,
we give the coupling rate g0/2pi, in addition to the strong
coupling parameter g0/κ. The quality factors of the op-
tical cavity were assumed to be limited to Qc = 10
7 (a
high, but realizable Qc in silicon photonic crystals [14]).
All of our simulations show a radiation-limited quality
factor greater than this value. Thus, the last column
shows that strong coupling is possible in this type of
OMC given a Qc > 10
7 [14].
Finally, we experimentally demonstrate the OMC cav-
ity simulated by the first column of Table I. The cavity
has 32 overall unit cells (12 for the defect and 20 for the
mirrors). In Fig. 3(a), we show the simulation for the
y-electric field, the total electric field energy, and the me-
chanical displacement. The fabricated structure is shown
in the scanning electron micrograph in Fig. 3(b). This de-
vice is probed with a tapered fiber in transmission mode
in a nitrogen environment at room temperature [1]. The
experimental result of our device is shown in Fig. 3(c,d).
Note that Qc (from Fig. 3(c)) is lower than found in other
silicon photonic crystal resonators, and is most likely due
to inexact matching between design parameters and de-
vice parameters. The fabrication can be iterated and
improved to give much higher quality factors [10].
We probe the mechanical resonances by setting our
laser detuning ∆lc ≈ ±.4κ from the optical frequency
(Fig. 3(c)), and measuring the modulations of the trans-
mitted signal [1]. With laser detuning set at these points
on the ”red” and ”blue” side of the spectrum, we see data
as in the inset of Fig. 3(d), which is in agreement with
the simulation for ωm up to ≈ 6%.
The perturbation to the mechanical frequency and
linewidth from the laser pump is due to the imaginary
and real parts of the optomechanical backaction, respec-
tively. As can be seen in the main plot, the data at lower
input power was subject to more drift in the laser de-
tuning. For every input power we extract the exact laser
detuning from the ratio of the imaginary and real parts
of the backaction. Then, for each point, we surmise the
occupation of the optical cavity using the incident power
and the laser detuning. Thus, the plot represents the
extracted occupation factor against real and imaginary
parts to the backaction with the red and green circles,
respectively. The coupling is then extracted from these
data [15]. This gives g0,exp,real = 1.75 ± .05MHz and
g0,exp,imag = 1.74± .05MHz, which agrees with the sim-
ulation from Table I.
We have shown that dimerized flexural OMC cavities
have larger rates of coupling than previously achieved, es-
pecially for materials with a low index of refraction. By
using large bandgap materials, very large couplings are
achievable with high quality factors, as shown in the anal-
ysis of Fig. 2 and Table I. Also, single photon strong cou-
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FIG. 3. a) Simluated mode profiles for the OMC cavity design
from the first column of Table I. From left to right: electric
field y-polarization (Ey(r)), electric energy density (n|E(r)|2),
and displacement field (|Q(r)|). b) SEM image of a fabricated
Si OMC cavity with the dimerized lattice. c) Optical trans-
mission spectrum of the OMC cavity. d) Change in mechan-
ical frequency and linewidth as a function of photon number
for laser detuning ∆lc ≈ −0.4κ. Inset: optically transduced
mechanical spectra (after amplifier and photodetector) with
detuning set to ∆lc ≈ −0.4κ (red curve) and ∆lc ≈ .4κ (blue
curve).
pling can be engineered in OMC cavities with currently
demonstrated photonic crystal quality factors. The prin-
ciples used in this work can be extended to other types of
mechanical modes with odd symmetry, such as torsional
or shear modes. They can also be used in two dimen-
sional crystals where mechanical mode symmetry is odd
in both dimensions.
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